The availability of bioresistant spin labels is crucial for the optimization of site-directed spin labeling protocols for EPR structural studies of biomolecules in a cellular context. As labeling can affect proteins' fold and/or function, having the possibility to choose between different spin labels will increase the probability to produce spin-labeled functional proteins. Here, we report the synthesis and characterization of iodoacetamide-and maleimide-functionalized spin labels based on the gem-diethyl pyrroline structure. The two nitroxide labels are compared to conventional gem-dimethyl analogs by sitedirected spin labeling (SDSL) electron paramagnetic resonance (EPR) spectroscopy, using two water soluble proteins: T4 lysozyme and Bid. To foster their use for structural studies, we also present rotamer libraries for these labels, compatible with the MMM software. Finally, we investigate the "true" biocompatibility of the gem-diethyl probes comparing the resistance towards chemical reduction of the NO group in ascorbate solutions and E. coli cytosol at different spin concentrations.
Introduction
Site-directed spin labeling (SDSL) electron paramagnetic resonance (EPR) spectroscopy is a biophysical technique based on the site-specific attachment of a paramagnetic spin probe to a desired site in a biomolecule. Until a few years ago, the only available choice for protein samples was a nitroxide-based spin label targeting cysteines via functional groups such as methanethiosulfonate, maleimide and iodoacetamide. [1] Nowadays, the expansion of the sensitivity and versatility of pulsed EPR dipolar spectroscopy allows using metal-based labels and carbon-center radicals, which are spectroscopically orthogonal to nitroxide probes to extract interspin distances (a few examples can be found in Ref. [2] ).
The biocompatible gadolinium-based labels in particular, are promising to study spin-labeled proteins in mammalian cells (for example see Ref. [3] ). Trityl labels are also shown to be resistant in oocytes. [4] However, with respect to gadolinium or trityl labels, nitroxide labels for protein studies in a cellular context could provide several advantages: i) side chain dynamics can be detected and compared with a large literature dataset; [1] ii) interspin distance determination is facilitated by a large modulation depth in double electron-electron resonance (DEER, [5] also known as PELDOR [6] ); iii) commercial Q-band spectrometers are optimal for achieving high sensitivity in nitroxide-nitroxide DEER; [7] iv) the small molecular size of nitroxides produces smaller interference with the proteins' structure and function at most sites; v) the water accessibility of the spin-labeled side chain can be measured with X-band continuous wave (cw) EPR and in particular with the newly developed Overhauser dynamic nuclear polarization techniques (ODNP); [8] vi) finally, nitroxide labels can be used orthogonally to other spin probes.
For in-cell EPR-experiments on spin-labeled proteins, two methods have been explored: i) The expression of proteins with unnatural amino acids either containing an intrinsic stable paramagnetic center [9] or enabling specific reactions with spin labels in living cells; [10] ii) The insertion of a spin-labeled recombinantly-produced protein into cells via hypotonic swelling, electroporation, [3, 11] or micro-injection into oocytes. [12] For both cases it is mandatory that the spin probes survive the reducing conditions of the cytosol and that labeling does not interfere with proteins' fold, activity or interactions. It is well established that common nitroxides are reduced rapidly in the presence of reducing agents, with a five-membered (pyrrolidine or pyrroline) ring structure being more stable than a sixmembered one (piperidine). [13] Therefore, they are not suitable for in-cell EPR measurements, unless strategical "tricks" are used, such as working with cell strains with less reducing agents, spin labeling outer membrane proteins, incubating spin-labeled proteins with isolated organelles, etc.. [9, 14] Surprisingly, it was reported that an unnatural amino acid carrying a five-membered nitroxide can partially survive E. coli cell conditions [9] . Wee will address later under which experimental conditions the latter conclusion was reached.
However, as the conventional nitroxide labels mainly performed poorly in living cells, a new generation of sterically shielded nitroxide radicals was developed, which showed an improved resistance against reducing agents such as ascorbic acid and chemicals contained in cellular extracts or oocytes. [15] Confirming these first promising results, recently, the first protein spin labeled with a maleimide functionalized gemdiethyl nitroxide was shown to retain its signal after injection into oocytes. [16] We ask here if, despite being promising, the available data may not be sufficient to declare the gem-diethyl nitroxides biocompatible. Ideally, spin-labeled proteins should be studied in their native environment, namely, in the cells they originated from. Xenopus oocytes, which were mostly used to test gemdiethyl nitroxides, are large, highly specialized cells full of yolk and very different from all somatic cells. For most proteins, Xenopus oocytes can be useful models to study crowding effects, but to address labels' biocompatibility, different cells should be tested. The majority of available PDB structures of proteins are from humans or other mammals, followed by E. coli or S. cerevisiae (based on www.rcsb.org). Those are the species to be tested to address biocompatibility of the new labels. Here we will test E. coli cell cytosols and highlight their different properties with respect to solutions of ascorbic acids or oocytes in terms of reducing agents. Additional data obtained on human cells are presented elsewhere. [17] From the spin labeling point of view, we decided to study here a iodoacetamide-functionalized gem-diethyl nitroxide (called IAG) and compare it with a maleimide-functionalized gem-diethyl nitroxide (called here MAG), which was previously synthesized and characterized in oocytes (and called M-TETPO). [16] The advantages of having two distinct functional groups specific for cysteines at pH close to 7.5 (at different pH values other amino acids could be labeled) and bound to the proteins via an uncleavable SÀ C bond are explained as follows. First, each protein site has its distinct properties in terms of label accessibility, sensitivity to point mutation, steric constraints, electrostatic properties, water-membrane exposure, etc. Therefore, to maximize the success of the labeling strategies, it is advantageous to have chemically diverse functional groups, and spin labels of different size and flexibility. Second, maleimide groups have some drawbacks, which could be detrimental in the cellular context: i) the thiol adducts to maleimide, i. e., succinimidyl thioethers, can undergo a slow reverse Michael addition, favored by the reducing environment, and thus releasing the spin label; [18] ii) the succinimidyl thioethers can undergo an irreversible pH-dependent hydrolysis to the corresponding succinamic acid thioethers, thus leading to multiple thiol adducts; [19] iii) the addition of the SH group (from the cysteine) to the maleimide ring forms a chiral center ( Table 1 ), so that the resulting spin-labeled amino acid will be present as two diastereomers (or epimers), which makes the interpretation of distances based on rotamer libraries more cumbersome.
Here, we used MAG and IAG to label two water soluble proteins (T4 lysozyme and Bid) and compared their properties to the conventional methanethiosulfonate nitroxide label (MTSL, also called R1 once bound to a protein). Two double-cysteine proteins were studied with three different labels and evaluated determining labeling efficiency, site chain mobility and inter-spin distances. Additionally, to appraise the potential use of IAG and MAG in structural studies, rotamer libraries compatible with the MMM software [20] were created and tested on the available data. Finally, the resistance against the reducing agents present in E. coli cytosol was probed and compared to ascorbate treatment. Surprisingly, despite being chemically resistant to ascorbic acid, none of the tested gem-diethyl labels is compatible with E. coli cells at micromolar concentrations.
Results and Discussion

Synthesis of the Spin Labels and Characterization
Here, we report the synthesis of the iodoacetamide gem-diethyl spin label 1 (called IAG) and the maleimide gem-diethyl spin label 2 (called MAG) (Figure 1) .
Properties of gem-diethyl nitroxide spin labels, with different linkers targeting cysteines (methanethiosulfonate, maleimide 
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and iodacetamide) are compared in Table 1 . We calculated the partition coefficients (cLogP, predicting the hydrophobicity) and the Connolly solvent excluded volumes (Vol, related to the molecular volume), of the MM2-optimized sub-structures of the Cys-bound MTSL and three gem-diethyl analogues, with distinct side chain linkers. Both hydrophobicity and molecular volume are significantly increased by the gem-diethyl groups. Our synthesis of spin labels 1 (IAG) and 2 (MAG) (Figure 1 ) starts from the previously reported mesylate nitroxide 3, [15b] which was converted to amino nitroxide 5 in 2 steps according to the procedure for the analogous gem-dimethyl nitroxides (Scheme 1, SI). [21] Subsequently, 5 was reacted with chloroacetyl chloride, to give nitroxide 6, which was then converted to spin label 1 via S N 2 reaction with iodide.
[22] To prepare spin label 2, amino nitroxide 5 was reacted with maleic anhydride, and then, the resultant crude mixture of maleamide nitroxide 7 was condensed to maleimide nitroxide 2, following the procedure for the analogous gem-dimethyl spin label [16, 23] (Scheme 1). Purity of nitroxides 1, 2, 5, and 6 was confirmed by paramagnetic 1 H NMR spectra and EPR-derived spin concentrations.
[15d] The identity of the two spin labels was also confirmed by IR and HRMS (see SI). Detailed experimental procedures for the synthesis can be found in the SI.
EPR spectra of IAG (1) and MAG (2) in chloroform at room temperature showed typical nitroxide spectral parameters, e. g., g iso = 2.0057 and A iso ( 14 N) = 40.5 MHz.
[15d] The radical content was found to be 99 % and 85-99 % for nitroxides IAG (1) and MAG (2), respectively, based on spectral double integration (SI).
The structure of spin label 1 (IAG) was confirmed by singlecrystal X-ray analysis ( Figure 2 ). In the crystal, two crystallographically distinct but chemically equivalent molecules of 1, A and B, are found; in molecule B, iodine is disordered over two sites (96/4).
Spin Labeling Tests on Two Water Soluble Proteins: Labeling Efficiency, Side Chain Dynamics and Interspin Distances
We tested the labeling capabilities of IAG and MAG on two water soluble proteins in aqueous buffer at pH 7.5 and compared the results with the commonly available methanethiosulfonate spin label (MTSL or R1 when bound to a protein). Our first test probe was T4 lysozyme carrying two cysteines at positions 131 and 72, which were already extensively studied. [24] The protein was labeled with the three nitroxide spin labels with labeling efficiency of 90-100 % (estimated error � 10 %). Our second test probe was the proapoptotic protein Bid, which is also structurally well described [25] and contains two native cysteines (positions 30 and 126) which were previously labeled with MTSL. [7, 26] Bid was labeled with MTSL, IAG and MAG, with labelling efficiencies of 80, 20 and 80 % (� 10 %), respectively.
The labeling efficiency depends on the labeled sites and the type of label, as illustrated by the differences obtained between T4 lysozyme and Bid. Therefore, the availability of two differently functionalized labels will be advantageous in the optimization of labeling strategies of new proteins. For example, MAG is shown here to label Bid better than IAG, but IAG was found to be optimal for a different apoptotic protein, Bax, in another study. [17] Figure 3A shows the cw EPR spectra of spin-labeled T4 lysozyme. Each spectrum encodes the characteristic dynamics of the spin-labeled side chain, which are found to be similar for all three labels. The cw spectra of Bid R1, Bid MAG and Bid IAG show two components, with ratios depending on the chosen label 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57 ( Figure 3B ). For both investigated proteins, we can conclude that IAG and MAG retain the ability to describe site-specific motion of the spin-labeled side chain, and, at least for the sites investigated, their spectral features resemble those obtained with MTSL.
We then addressed how IAG and MAG report on the distances between two sites using Double Electron-Electron Resonance (DEER) spectroscopy. We address if the longer and bulkier linker and the higher steric constraints imposed by the ethyl groups, may affect the distance distributions compared to MTSL. The three nitroxide-labeled T4 lysozyme samples show a distinct distance peak, centered at 3-4 nm ( Figure 4A ). The modulation depth is around 0.4, as expected from the high labelling efficiency. Intriguingly, the IAG label shows the narrowest distance distribution.
Next, DEER measurements were carried out on the three spin-labeled Bid variants. Bid R1 is characterized by a bimodal distance distribution peaking at 2.1 and 2.7 nm, in agreement with previous data. [7, 26] Bid MAG and Bid IAG have a monomodal distance distribution centered at around 3 nm.
New Rotamer Libraries and Interspin Distance Simulations
In order to compare the experimental distances with the proteins' structures, softwares are available to attach in silico a spin label to an existing PDB structure and simulate the most probable inter-spin distances using rotamer libraries. Here we provide new rotamer libraries for gem-diethyl labels compatible with the MMM [20a] software, generated by an extended version of the approach previously used for other nitroxide and for Gd (III) labels. [14c,20a,27] Briefly, initial structures of the labels were obtained by unrestricted Kohn-Sham DFT using the B3LYP functional and def2-SVP basis set in ORCA. [28] Rotamers of the linker between the protein backbone and the nitroxide heterocycle were found by sampling conformation space at fixed bond lengths and angles using the torsion and non-binding interaction potentials of the UFF force field. [29] The van-der-Waals radii were scaled by a forgive factor of 0.9. In this step, ensembles of 2 × 10 4 conformations were generated, which were then hierarchically clustered Initially, we computed the interaction of the rotamers with the protein as described previously.
[20a] However, we found that predictions for MAG and IAG were significantly off with respect to the available experimental distances. We hypothesized that a forgive factor of 0.5 for both the attractive and repulsive part of the Lennard-Jones non-bonding interaction potential is not a good approximation for labels that feature four hydrophobic ethyl groups. In order to test this hypothesis, we multiplied the attractive component of the Lennard-Jones potential by a variable factor.
For both labels and both proteins, we found the best agreement of predicted and experimental distance distributions when enhancing attraction energy by a factor of 2. Rotamer libraries for MAG and IAG are implemented in MMM2018.2 with this enhancement of the attraction potential.
The results of the simulations with the new libraries are shown in Figure 5 . We observed a good agreement between simulated and experimental mean distances ( Figure 5A ) in T4 lysozyme when using MTSL on four PDB structures (the rmsd between simulated and experimental mean distances lies in the expected 0.3-0.4 nm range [30] ). Notably, MAG libraries had a similar performance as MTSL, while the distance distributions simulated with IAG deviated more between the four structures, possibly due to its longer linker (Figure 5AÀ B) .
For Bid, we analyzed the 20 available NMR models, and observed that the agreement between experimental and simulated distances depends strongly on the model chosen for all labels (Figure 5CÀ E) . Bid is a protein composed of 8 alpha helices, which are relatively rigid based on the NMR structures. However, the models clearly differ in the orientations of the termini and the loops ( Figure 5D ). Thereby, cys30 is placed in a loop and cys126 next to a loop ( Figure 5D ). We observed large differences between the location of the rotamers populated in different models, especially at position 126, for which only few rotamers are populated. The large variation in the rotamers' orientation in model #9 and #15 are presented for IAG at Figure 5 . Rotamer library simulations. A) T4 lysozyme interspin distances were calculated using the available room temperature rotamer libraries of MTSL, IAG and MAG in MMM2018.2. Four representative crystal structures were used. PDB: 2LZM is a high-resolution structure of T4 lysozyme wild type; 1 L63 the structure with cysteine amino acids replaced 3G3 V and 2CUU a high and low temperature structure of the protein spin labeled at position 131, without cysteines. B) The four X-ray structures are superimposed and the spin-labeled sites highlighted. C) Simulated distance distributions for Bid. A good agreement between experimental and simulated distances was found to be achieved for the NMR model 9 for all spin labels (green dotted). D) The NMR structure of Bid (PDB : 1DDB) consists of 20 models, which were used for the calculation. The two natural cysteines used for labeling are highlighted. E) The distribution of distances simulated on the 20 models (dotted) highlight model-based differences. The experimental data are shown as thick colored lines. The few populated rotamers at position 126 are affected by different modeling of the neighbouring loop. The NMR model#15 is an outlier for MAG and IAG, and the inset shows how the different location of the loop close to position 126 is the reason for a completely different localization of the IAG rotamers with respect to the other models (model #9 is shown as reference).
position 126 (inset in Figure 5E ). Considering all 3 spin labels, model #9 of Bid showed the best agreement with the experimental data, while model #15 the worst ( Figure 5E ). We can therefore conclude that the first tests using the new IAG and MAG libraries were successful.
Resistance to Reducing Agents in E. coli Cells
As mentioned before, gem-diethyl substituted nitroxides as well as a MAG-labeled protein were reported to be more stable based on experiments using ascorbate or Xenopus oocyte extracts.
[ Figure 6A and SI). This cytosol as well as an ascorbate solution were used to test the stability of different nitroxide probes: TEMPOL, 3-carboxy PROXYL, gem-diethyl pyrroline, Bid R1 , Bid MAG and Bid IAG . In our experiments, gem-diethyl pyrroline at 50 μM spin concentrations proved to be more stable against ascorbate (50 mM) than TEMPOL or 3-carboxy proxyl (Supp. Figure 22A ) in agreement with previous findings.
[ 15c,d] Additionally, at similar spin concentrations, Bid MAG and Bid IAG proved to be more stable against ascorbate than Bid R1 (Supp. Figure 22B) . Thereby, the labels attached to the proteins were slightly more stable as the free labels, possibly due to steric constraints imposed by the neighboring side chains.
Surprisingly, in presence of E. coli cytosol all six probes/ proteins decayed rather fast, as can be clearly seen by comparison of the cw spectra at different incubation times ( Figure 6B, 7A) . The gem-diethyl groups provided only a very slight advantage over the gem-dimethyl groups ( Figure 6B , 7A, and Supp. Figure 23 ). To qualitatively follow the signal decay, we plotted the intensity of the central line versus time ( Figure 6B, 7A) . At comparable spin concentrations, the labels attached to Bid ( Figure 7A ) decayed a bit slower than the free labels ( Figure 6B) .
Notably, for the Bid IAG sample that contains residual free label, we detected a faster reduction of the free versus the bound labels (see fast decay in the first minutes in the plot of Figure 7A and Supp. Figure 24) . We found that the signal decay of Bid IAG was reproducibly slower than Bid MAG (Table S3) , probably due to a better shielding induced by the neighboring sidechains (correlated with the overall lower labeling efficiency of IAG with respect to MAG).
Based on our kinetics, the gem-dimethyl nitroxide probes are not stable in E. coli cells. However, Schmidt et al. described the use of unnatural amino acids carrying a gem-dimethyl nitroxide incorporated into proteins in E. coli cells, on which in vitro and in-situ EPR measurements were performed.
[14f] There, millimolar spin concentrations were added to the E. coli cells. We addressed the effects of increasing the spin concentration in cells by varying the ratio of spin-labeled Bid to the E. coli cytosol ( Figure 7B ). We cannot concentrate Bid at high millimolar concentration due to aggregation problems. However, by further diluting the cytosol we achieved a similar spin-toreducing agent ratio as in millimolar protein concentrations in the in-cell experiment mentioned above. To estimate the putative intracellular spin concentration, we calculated an "effective" spin concentration, which is the actual final spin concentration (c spin ) multiplied by the dilution factor of the E. coli cytosol (3 V tot /V cytosol ) (see SI).
At the lowest effective spin concentration used (50-100 μM) all three nitroxide labels are reduced by more than 80 % within one hour ( Figure 7B ). At 250-300 μM ( Figure 7B , also shown in Figure 7A ) the reduction curve is already slower. At an effective spin concentration of~3 mM the spin reduction is further slowed down and in case of MTSL, label release is visible ( Figure 7B and Supp. Figure 23) . Notably, the MAG or IAG labels offer only one target for chemical reduction, namely the NO radical, while MTSL can have also the SÀ S bond reduced, so potentially, MTSL uses more reducing agents than the other two labels. At millimolar spin concentration the reducing agents of the E. coli cells cannot completely reduce all spin labels, which explains previously published results obtained with millimolar nitroxide concentrations in cells.
[14f] Of note, millimolar protein concentrations largely exceed physiological conditions. Therefore in-cell experiments targeting physiologically-relevant concentrations of spin-labeled recombinant proteins must rely on micro-to sub-micro-molar protein concentrations. Based on the data available, we surmise that E. coli cells have enough reducing agents to silence micro-but not millimolar spin label concentrations. In summary, none of the tested spin labels is compatible with E. coli cells at physiological protein concentrations and these results are confirmed also using a different spin-labeled protein. [17] 
Conclusions
The gem-diethyl nitroxide spin labels IAG and MAG are suitable for labeling accessible cysteines in proteins and provide valuable mobility information by cw EPR spectroscopy at Figure 23) . The fast decay in Bid IAG within the first 20 minutes is attributed to the faster reduction of the free label in the solution with respect to the bound one (Supp. Figure 24) . B) Effects induced by increasing the "effective" spin concentration on the signal reduction curves. The increase in signal intensity observed for MTSL is due to the release of the label from the protein at high spin concentration, which created the characteristic three narrow lines in the spectrum (see Supp. Figure 23 ).
physiological temperatures and interspin distances by DEER spectroscopy. For the two cases studied here, IAG and MAG were characterized by interspin distances with monomodal distributions and narrow width. Both properties are favourable for protein studies in cellular context and could be satisfactorily simulated with the new rotamer libraries. Additional studies will be needed to verify if the steric constraints imposed by the ethyl groups generally favour a more homogenous localization of the nitroxide group with respect to the protein backbone. The labeling efficiency of IAG and MAG is shown to be proteinand site-specific, however we think that at similar labeling efficiencies, IAG is in principle superior as it does not suffer from the creation of uncontrolled mixtures of diastereomers. The availability of two gem-diethyl spin labels targeting cysteines with different functional groups and their rotamer libraries will aid finding the optimal strategies for protein studies. Both labels are shown to be very resistant to reducing agents such as 50 mM ascorbate, but cannot sustain incubation with E. coli cell extracts, unless used at millimolar concentration. Therefore, their use for in-cell EPR is still challenging, and optimal cell lines and strains, spin concentrations and incubation times should be optimized for each foreseen project. The next target for these new labels is mammalian cells, which may have different types and concentrations of reducing agents, which need to be thoroughly investigated. Work is in progress to study the response of gem-diethyl nitroxide labels in those cells. [17] Experimental Section , are based upon the refinement of the XYZ-centroids of 7329 reflections above 20 σ(I) with 4.879°< 2θ < 31.83°. Data were corrected for absorption effects using the multi-scan method (SADABS, Bruker Analytical X-Ray Systems, Madison, WI, 2016). The material crystallizes in the monoclinic space group P2 1 /c. The structure was solved with intrinsic methods and refined using the SHELX suite of programs. [31] All non-hydrogen atoms were refined with anisotropic displacement parameters. The hydrogen atoms were placed in ideal positions and refined as riding atoms with relative isotropic displacement parameters. Hydrogen atoms involved in NH…O hydrogen bonds were refined for all parameters. Larger than average displacement indicated for I1B positional disorder for the atom, which refined to a 96 : 4 site occupancy ratio. The final anisotropic full-matrix least-squares refinement on F 2 with 381 variables converged at R1 = 4.75 %, for the observed data and wR2 = 14.93 % for all data. The goodness-of-fit was 1.050. The largest peak in the final difference electron density synthesis was 1.269 e À /Å 3 and the largest hole was À 2.014 e À /Å 3 with an RMS deviation of 0.238 e À /Å 3 . The structure was deposited at the Cambridge Crystallographic Data Centre: CCDC 1851693.
Proteins and E. coli Cytosol Preparation
T4 lysozyme and Bid purification methods are described in the SI. Spin labelling was performed in aqueous buffers at pH 7.5 and 7. 6 . Further details about the cytosol preparation from E. coli cell cultures are given in the SI.
Labeling Efficiency and EPR Measurements
The cw EPR spectra were obtained using a Miniscope 5000 X-band spectrometer (Magnettech by Freiberg Instruments). The sample (20 μl) was inserted into glass capillaries (0.9 mm I.D. inner diameter). The spectra shown in Figure 3 were detected with 15 mT field sweep, 0.15 mT modulation amplitude and 10 mW microwave power, while the spectra in Figure 6 and 7 and Supp. Figure 21 -24 used a 12 mT field sweep. The spin concentration was calculated by comparison of the double integral of the protein spectrum with that of a reference sample (100 μM TEMPOL in water) and the labeling efficiency was determined as a percentage ratio between spin and protein concentration.
For DEER experiments, 33 % or 50 % (v/v) of deuterated glycerol was added as cryoprotectant to the samples yielding a final protein concentration of 15-20 μM for Bid and 20 μM for T4 lysozyme, respectively. 50 μl aliquots were transferred into 3 mm outer diameter quartz tubes and flash-frozen in liquid nitrogen. Q-band DEER measurements were performed at 50 K on a Bruker ELEXSYS E580 with a separate electron-electron double resonance (ELDOR) source or an arbitrary waveform generator (AWG) with a 150 W traveling wave tube (TWT) amplifier and a homemade resonator. A 4-pulse DEER sequence with 100 MHz separation between the pulses was applied with 12 ns rectangular pulses (for T4 lysozyme) or 14 ns full width at half maximum Gaussian pulses (for Bid) for both observer and pump frequencies. [7, 32] Additional artefacts in the DEER trace from the coherent AWG generated pulses were removed by 16-step phase cycling. To extract the interspin distance distributions, DEER traces were processed using the DeerAnalysis2016 software, employing mono-exponential background fitting functions and a model-free Tikhonov regularization of the background corrected traces. [33] 
